In this article we propose methods for the measurement of electric intensity of a microwave field above the surface of microwave circuits. Using miniaturized coaxial antennas and a special probe positioning system, we measure both the amplitude and the phase of the induced field above the device under test. We introduce a position/signal difference method to further increase the spatial resolution down to about 30 m-about one order better than contemporary microwave scanning devices utilizing coaxial antennas. The effect is theoretically analyzed and experimentally verified. The probes are calibrated in a well-defined field standard to allow quantitative characterization of the measured field. Performance of our scanning system utilizing these methods is demonstrated using a PCB finger capacitor.
I. INTRODUCTION
Contemporary systems for inspection of microwave circuits are usually based on measurement of the signals at the device ports. In most cases they are limited to the measurement of the input and output signals. Such measurements are often not sufficient for characterizing the functionality of individual elements and do not give a full description of distribution of circuit signals. In some cases special measurement pads within the system are designed for direct coupling of the probes. Unfortunately, their use is limited due to relatively large contact areas, their influence on the circuit properties caused by their high capacitance to the ground, cross coupling with other circuit elements and also the additional load of the measuring probes. These drawbacks effectively eliminate the use of such measurement techniques in highly miniaturized circuits, especially in microwave monolithic integrated circuits ͑MMIC͒. Due to the abovementioned reasons, noncontact scanning near-field measurements may become an attractive method for testing circuit performance and failure analysis. By analyzing the field distribution above the circuit surface one can evaluate not only values of the field sources ͑charges/potentials, currents͒ 1,2 but also signal coupling between circuit parts, electromagnetic emission of the components of the device and other aspects of electromagnetic compatibility.
II. ELECTRIC FIELD ANTENNAS
For acquisition of microwave intensities in a near-field region, short monopoles 1,3 or magnetic loops 4, 5 can be used for electric and magnetic field component detection, respectively. We have focused our attention on the measurement of electric intensity using miniaturized coaxial antennascylindrical short monopoles where a central conductor protrudes for a defined length from the shielding ͑see Fig. 1͒ . Our antennas are vertically positioned and, due to their axial symmetry, they are sensitive to the normal component of the electric field intensity. The length of the protruding conductor must not exceed the desired spatial resolution and in many cases it is chosen to be comparable or shorter than the diameter D of the shielding. Unfortunately, the antenna's resolution does not just depend on the length of the protruding conductor but also on the diameter of the shielding surrounding it. Surface currents within the shielding also induce a secondary field and change the input signal. For welldefined antenna geometry the signal level can be evaluated using numerical simulation methods such as finite-difference time domain. As the result of the simulation depends on the particular field distribution, the external field is commonly assumed to be homogeneous, thus resulting in a single sensitivity coefficient, that is the ratio between the signal level and the field intensity.
3 When the field is highly concentrated around the apex of the protruding conductor, images with spatial contrast to a certain degree better than the length of the conductor and the dimensions of the shielding can be obtained. Unfortunately, those images lack good quantitative characterization as the antenna's signal level depends on particular distribution of the field that can no longer be considered to be homogeneous. Additionally, the presence of the shielding close to the circuit may cause redistribution of the charges in the circuit and distortion of the primary field E p .
III. POSITIONÕSIGNAL DIFFERENCE METHOD
It appears that only by decreasing the antenna dimensions along with coaxial shielding its spatial resolution capability can be improved. Unfortunately, miniaturization of the antenna to the micrometer range makes its fabrication rather difficult, especially fabrication of the coaxial line of low diameter and the forming of a short protruding central conductor. In this article we present a scanning method which overcomes the resolution limit determined by the antenna's dimensions and allows us to increase its resolution capability without the need for further miniaturization of the antenna. Our antennas have a shield with an outer diameter of Dϭ230 a͒ Electronic mail: rkantor@tcd.ie m and a relatively long and thin central protruding conductor: a copper wire of length LӍ0.5Ϫ1 mm, Lӷd, d ϭ8 m as shown in Fig. 1͑b͒ . The measurement method is based on comparing results of two subsequent scans with the antenna displaced by a small distance along its axis. We will show that for high density structures, when most of the field gradient is located close to the surface of the structure, the signal difference is determined only by the field strength surrounding the apex of the central conductor. By subtracting the two signals corresponding to two positions of the antenna displaced along its axis by distance ⌬z, one can cancel the contribution of the field in middle section of the protruding conductor, between planes A and B in the Fig. 1͑b͒ . Because for high-density structures the field above that region is supposed to be negligible, in this way the field surrounding the conductor apex can be isolated and measured. We shall call this method position/signal difference and we will show that it allows improvement of the spatial resolution of mapping of the microwave field.
IV. ANALYSIS OF THE METHOD
The antenna displacement is equivalent to changes in its geometry: reduction of the length of the protruding conductor by ⌬z and displacement of the front end of the shield by the same value. In order to show that the contribution of the external field from the middle section of the antenna can be suppressed, we will analyze the influence of the field and distribution of the currents induced in that region. Thanks to axial symmetry of the antenna, the analysis can be reduced to investigating the boundary condition at the center of the conductor. As the sum of the primary incident electric field and the secondary electric field induced by the antenna surface currents must vanish inside the conductor, the condition for longitudinal component of the electric field ͑parallel to the antenna axis͒ before and after displacement of the antenna can be written as
͑2͒
Here the primary field at the conductor center E p (z) and its z-component E z p (z) do not depend on the probe position. The integrals in Eqs. ͑1͒ and ͑2͒ represent the secondary field induced by the antenna as a sum of the contributions of the surface current elements to the z component of the electric intensity. The integrals are taken over the entire current space. J 1 (z) and J 2 (z) signify surface currents before and after the displacement, respectively. The Green functions G 1,2 (z,zЈ) represent the weighting coefficients of the contribution of current sources to the secondary field. For the protruding cylindrical conductor the coefficient does not change as a result of displacement along its axis as it depends only on the position of the observation point z relative to the position of the current source zЈ
Its explicit form is
where Z 0 is the impedance of vacuum, d is the diameter of the conductor, rϭͱ(zϪzЈ) 2 ϩd 2 /4 is the distance between the current source and the observation point at the axis of the conductor and ␤ϭ2/ is the propagation constant.
Let us focus our attention on the middle section of the protruding conductor in order to show that in that section the difference between the currents before and after the displacement is determined only by the currents at its boundaries and, therefore, the influence of the external field on the current difference can be removed. The section is defined by the planes A and B in between which the secondary field, induced by the antenna currents, can be calculated as a result of contribution of currents within the protruding conductor, excluding the displaced apex and also excluding the contribution from the currents in the shielding. Because for r ӷ 3 8 d the Green function ͑4͒ decays proportionally to r Ϫ3 and the integrals ͑1͒, ͑2͒ quickly converge, the distances to the plane A from the antenna displaced apex and the shielding can be chosen greater than diameter d so that the secondary induced field in this section is not directly influenced by the currents induced in the displaced apex. For the same reason the separation between the plane B and the shielding can be chosen greater than diameter D so that the contribution of the shielding currents to the field induced inside the section can be neglected. The integration space can therefore be effectively limited to the length L of the central conductor. By subtracting ͑1͒, and ͑2͒ and by taking into account ͑3͒ we get a single equation for the difference of currents in that region
where J(z)ϭJ 1 (z)ϪJ 2 (z). The solution of ͑5͒ for current difference distribution in that region is not dependent on the external field. Since above plane B the strength of the external field is assumed to be negligible, the difference of the currents J z is influenced only by the local field below plane A that surrounds the displaced antenna apex. This difference depends on the virtual changes in its geometry and changes in the boundary conditions in the presence of the external electric field. As the virtual changes are limited to the region ⌬z of the displaced antenna apex, the measured signal and the resolution of the measurement method is determined by the displacement ⌬z. Although most of the protruding conductor acts only as a transmitter between the displaced apex and the input to the coaxial line, its length may have an effect on the efficiency of signal matching and the level of measured signal. We therefore describe in detail the influence of this length on the transmission of the signal between planes A and B. The integral Eq. ͑5͒ resembles the boundary condition for the uniform transmission line with no induced longitudinal electric field component. Its only nontrivial solution can be written in the form of two sinusoidal waves traveling in the two opposite directions J͑z ͒ϭJ 1 exp͑Ϫi␤z ͒ϩJ 2 exp͑i␤z ͒. ͑6͒
The current amplitude constants J 1 , J 2 must match the field solution for the antenna apex below plane A and at the input to the shielding above plane B. We know that below plane A the currents depend on the field surrounding the displaced antenna apex and if we choose the origin for the z axis at the plane A (z A ϭ0), the current difference J A can be written in accordance with Eq. ͑6͒
The solution for the currents at the input to the coaxial line without a presence of the external field depends only on its geometry. It can be expressed in terms of the reflection coefficient h 11 for the currents at plane B for which
In principle, the displacement of the front end of the shield should result in change in the value of h 11 . However, as ⌬z is negligibly small by comparison with wavelength , such a change in the geometry of the coaxial input can be neglected and h 11 can be assumed constant. In practice h 11 is close to unity due to a large mismatch between relatively low input impedance of the coaxial line and very high impedance of the free conductor, determined by its residual coupling to the shielding. Using Eqs. ͑6͒, ͑7͒ and ͑8͒ the transfer function of current difference from the apex to the input of the coaxial line can be written as
It may seem that the length of the protruding conductor can be adjusted for optimum signal matching at lӍ/4 for which the antenna operates at its resonance. Unfortunately, the mechanical properties of the conductor do not allow for extension of the length L above 1-2 mm. The vibrations and lateral bending of such a long and thin wire, mostly caused by air flow fluctuations and accelerations during scanning movement, cause degradation of the resolution. For our frequencies of interest ͑1-8 GHz͒ this length is significantly below /4 and the magnitude of the transfer function ͑9͒ is close to unity
V. SENSITIVITY OF THE SYSTEM
The above analysis shows that one can improve the resolution by reducing the displacement ⌬z. At the same time this leads to reduction in the signal level. As the signal level must exceed the noise level , this may effectively limit the resolution of the antenna and make it dependent on minimal detectable field intensities. The level of acquired signal depends not only on the currents induced in the apex of the conductor but also on the efficiency of its matching to the input of the coaxial line, the properties of the preamplifier and the transmission of the signal to the acquisition system-to a vector network analyzer ͑VNA͒. The apex of the protruding conductor functions as a near ideal current source and one of the main factors influencing the sensitivity is the matching of such a high-impedance source to the input of the coaxial line and subsequently to a preamplifier. For the antenna active region, corresponding to displacement ⌬z of 5-50 m, the impedance has capacitive character of values above 10 4 ⍀. Because the transfer function ͑10͒ preserves the high impedance character of the apex current source, to improve the matching efficiency the input impedance of the coaxial line has to be increased. The mismatch, compared to standard transmission lines and amplifiers with impedances of about 50 ⍀, is in the range 10 3 Ϫ10 4 and therefore microwave resonators ͑microwave cavities, coaxial resonators 7, 8 ͒ with high quality factor have to be applied to optimize the signal matching. Unfortunately, their dimensions and mass do not allow their incorporation into our probes; furthermore, their narrow resonance response would limit the bandwidth of the transmitted signal.
For our miniature probes we have chosen a simpler matching scheme which uses a quarter-wavelength transformer formed by the antenna coaxial input line with a relatively high characteristic impedance Z c Ӎ120 ⍀. By choosing the length of this line to be equal to /4 the impedance at the input can be increased to the value Z i ϭZ c 2 /Z 50 where Z 50 is the input impedance of the subsequent network-in our case a MMIC preamplifier. For the frequency of interest ͑4 GHz͒ the sensitivity increase resulting from this matching procedure was about 15 dB.
VI. CALIBRATION OF THE PROBES
As the properties of antennas may vary, each antenna must be individually calibrated in a well-defined field standard. We have calibrated our antennas in the nonhomogeneous field above an air-suspended cylindrical transmission line ͑see Fig. 2͒ which allows good access for the probes and for which the surrounding field can be explicitly calculated. As for the position/signal difference method, the active antenna region corresponds to the displaced apex of the conductor; the level of the resulting signal difference depends on the displacement value. Both mathematical simulations and the experimental results ͑Fig. 3͒ give a highly linear character of this dependency. As a typical preamplifier is also highly linear, the measured voltage U after its conditioning and transmission to the input of the acquisition instrument ͑VNA͒ is proportional to the antenna displacement ⌬z. We can, therefore, define the sensitivity of the system for a particular frequency by a single unit-less constant S Sϭ 1 ⌬z
Here E z is the vertical component of electric field intensity of microwave field. This constant, determined from such calibration measurement, can then be used during the scanning process for the calculation of real values of the electric field. The measured sensitivity constant gives us minimum level of detectable electric field intensity of about 15 V/m for displacement 20 m ͑and comparable spatial resolution͒ with noise signal level of about Ϫ95 dBm for bandwidth 10 Hz at 4 GHz frequency.
VII. EXPERIMENTAL VERIFICATION OF THE METHOD
To verify the position/signal difference method we have compared expected field values in the calibration unit shown in Fig. 2 with the measured data. Figure 4 shows signal values for different separation s a between the antenna and the transmission line. All signal curves were normalized to the values corresponding to the antenna apex placed close to the cylindrical conductor of the calibration unit with the separation of 50 m from the signal line. We see that direct signal, as acquired by the antenna, does not compare directly to the field strength as the field intensity changes along the active protruding conductor and the signal level depends on the particular distribution of the field. On the other hand, the curve of signal difference, with antenna displacement by ⌬xϭ50 m follows faithfully expected field intensity at the apex of the protruding conductor. We can observe very good agreement between those curves, especially for distances smaller than 1 mm where high field gradient is expected. This agreement is noticeably worse for greater distances, mostly caused by limited dimensions of the calibration unit and distortion of the field at greater distances from the cylindrical conductor.
VIII. PROBE POSITIONING SYSTEM
Our goal was to achieve field images with spatial resolution of R about 10 Ϫ5 m. For this the antenna must be driven with a precision better than the desired resolution R. We use a combination of precision motorized positioning stages and piezo actuators which allows us to scan large areas of up to several cm with high dynamics of probe mo- tion and allows us to keep submicron probe positioning accuracy. The movement of the antenna over the sample surface has to be accurately controlled as the antenna has to be driven very close to the circuit surface with a separation corresponding to the desired resolution. Conventional horizontal plane scanning 1,3,9 cannot be implemented with sufficient precision for highly miniaturized circuits if the small tip sample separation s a has to be kept constant. This is due to the sample tilt and also because the surfaces of most circuits are not flat: step-like profile of the transmission lines and additional surface features like air bondings, signal contacts or shunt elements are typically comparable or else exceed the required working distance. Methods utilizing simultaneous tip/sample distance control techniques such as scanning tunneling microscopy ͑STM͒, 10 capacitive distance control using dual frequency excitation 11 or incorporation of a microwave feedback for distance control 12, 13 are applicable for conductive samples only and their use is limited to sample profile mapping and studies of properties of materials. 14, 15 Our measurement process consists of two separate steps: sample topography acquisition and field probe scanning. During the second step the antenna is driven according to previously acquired topographic data ͑see Fig. 5͒ at a defined distance above the surface. This allows choosing an arbitrary separation between the front end of the antenna and the surface and keeping it constant during the field measurements. The topography acquisition is performed using an atomic force microscopy-like technique where a glass probe is dith- ered perpendicular to the surface. The dependency of the amplitude and the phase of the probe's mechanical oscillation on the probe/sample separation is used to keep the separation constant in the range of several tens of nm. A quartz tuning fork, commonly used in scanning near-field optical microscopy 16, 17 in a single oscillating arm configuration 18 is utilized for probe frequency stabilization and amplitude detection. The technique can be employed with all types of materials used in circuit fabrication to include various metals, dielectrics and semiconductors. After the topography acquisition, the probe is exchanged for the field antenna and field scanning for various separations between the antenna's apex and the surface is performed. A static reference tip is used when the topography probe is exchanged for the antenna; the probes are aligned by means of an optical control using a long-focal length microscope.
IX. SCANNING RESULTS
A surface capacitor was used to demonstrate the method described. It was fabricated by us using the standard lithographic process on a microwave PCB sheet as seen in the Fig. 6 . The signal from the source of VNA is coupled to the port P 1 of the capacitor. Port P 2 is terminated by a shortcut at a distance of about 25 mm from the capacitor to allow excitation of the capacitor to higher potentials due to resonance in the transmission line at the frequency of interest f ϭ3.84 GHz. Both the amplitude and the phase of the signal are acquired by the antenna and stored during the scanning process.
In Figs. 7͑a͒ and7͑b͒ we can see field images of the normal electric field acquired for two different antenna/ sample separations; Fig. 7͑c͒ shows the difference of these signals. We can clearly observe significant resolution enhancement for the difference signal. As the antenna is sensitive to the field acting along the whole length of the protruding conductor, the scattered field intensities at higher distances above the sample represent the main contribution to the level of acquired signal. The difference signal corresponds to the local electric field intensities surrounding the antenna apex only. The method also reveals the differences in the phase of electric field; these differences are indicated by different colors in the field map inserted in Fig. 7͑c͒ . The amplitude and the phase of electric field intensities are directly determined by alternating potentials of the fingers belonging to the two different ports P 1 and P 2 of the capacitor.
The resolution enhancement is also illustrated in Fig.  8͑a͒ which represents cross-section AЈϪAЉ of the signal amplitude across the fingers of the capacitor. Figure 8͑b͒ exposes the phase differences of about 55°. For original fulllength antenna signals, the phase changes across the image are nearly indistinguishable. The increase in the phase contrast is possible due to the fact that the difference is calculated by subtracting complex amplitudes of the signals. Indeed the vector difference between two nearly identical vectors can have phase completely different from the phases of such vectors. In other words the phase contrast came from the fact that although the phase of the measured field does not change at significant heights above the surface, it does change for small separations above the circuit which is represented by the signal difference.
The analysis of the Figs. 7 and 8 would suggest that the spatial resolution obtained by position/signal difference method is better than 30 m. This gives the ratio of the resolution to the wavelength R/ of some 3ϫ10 Ϫ4 .
X. CONCLUSIONS
In order to measure electric field intensities with high resolution, a scanning setup combining topography and microwave field acquisition was developed. We have presented miniaturized field probes and measurement techniques allowing acquisition of electric field intensity in the deep nearfield region (/10 3 Ϫ/10method for noninvasive investigation of functionality of microwave devices, especially during their development and testing phase when maximum information about devices and subsystems is desired.
